from Bradyrhizobium japonicum bacteroids and cultured rhizobia were compared with those of the enzyme in soybean nodule host cytosol. Reductase from host cytosol differed from that in bacteroids in: (a) the effect of pH on enzymic activity, (b) the capacity to catalyze both reduction of pyrroline-5-carboxylic acid and NAD 8-dependent proline oxidation, (c) apparent affinities for pyrroline-5-carboxylic acid, and (d) sensitivities to inhibition by NADP' and proline. The K, for proline inhibition of P5CR in bacteroid cytosol was 1.8 millimolar. The properties of P5CR in B. japonicum and bacteroid cytosol were similar. The specific activities of P5CR in the cytosolic fractions of the nodule host and the bacteroid compartment were also comparable. 119 www.plantphysiol.org on July 21, 2017 -Published by Downloaded from
The metabolism of proline and P5C2 in legume nodule tissue is of interest in several contexts. Proline is required for biosynthesis of the (hydroxy)proline-rich proteins characteristic of mature nodules (3) , as well as the proline-rich N-75 nodulins that seem to be uniquely expressed during early nodule development (9) . Proline also accumulates in nodules in response to water stress (1 1), and under certain conditions it may provide energy for bacteroid metabolism (vide infra) (12) .
P5C is both the immediate precursor for proline biosynthesis and the initial product in its catabolism, and it is an intermediate in the degradative pathway for arginine as well. From studies in animal systems, it is apparent that P5C is also an important source of intercellular redox potential and a regulator of cellular metabolism (17, 23) .
A novel role has been proposed for P5CR, the enzyme that catalyzes the last step in proline synthesis (12) . The high activity of P5CR in the cytosol fraction of soybean nodules, together with high proline dehydrogenase activity in bacteroids, led to the suggestion that proline produced in the cytosol ' This work was supported in part by Public Health Service grant GM38786 from the National Institutes of Health.
2 Abbreviations: P5C, pyrroline-5-carboxylic acid; AmS, ammonium sulfate; BC, bacteroid cytosol; BJC, cytosol from B. japonicum; HBDH, ,B-hydroxybutyrate dehydrogenase; NHC, nodule host cytosol; P5CR, pyrroline-5-carboxylate reductase. may provide a source of carbon for energy metabolism in the bacteroid fraction (12) .
Little is known about the enzymology of proline metabolism or its regulation in the bacteroid compartment. Preliminary experiments indicated that broken bacteroids exhibit significant P5CR activity and that this activity differs from that in NHC in sensitivity to both proline and pyridine nucleotides. In light ofthe postulated role of proline in energy metabolism (vide supra) and evidence for multiple forms of P5CR in NHC (4), it was of interest to define more clearly the level of P5CR activity in bacteroids and to explore further whether the reductase in this compartment may reflect a form of the enzyme whose regulation differs from that in the NHC. Because differentiation of free-living BJC into bacteroids is associated with altered gene expression, having observed high P5CR activity in BC, it was also of interest to assess whether infection/nodulation is associated with quantitative and/or qualitative changes in rhizobial P5CR by comparing this activity in free-living bacteria and in differentiated microsymbionts.
Inasmuch as P5CRs from various sources and tissues can be distinguished by differential sensitivities to inhibition by proline or NADP+, as well as by differences in apparent affinities for P5C (13), we have utilized these and other parameters to compare the P5CRs in NHC and free-living BJC. The P5CR from NHC is clearly different from that found in both BJC and BC; the reductases in the endosymbiont and the free-living rhizobia, however, are indistinguishable in each of the parameters examined.
MATERIALS AND METHODS

Reagents
Except as noted, reagents used were of the highest purity available from Sigma. Mes, Bicine, bis-(2-hydroxyethyl)iminotris(hydroxymethyl)methane and Tes were from Research Organics (Cleveland, OH). D,L-P5C was prepared as described by Mezl and Knox (14) and stored in the cold in 1 N HCI.
Plant Materials
Soybean (Glycine max Merr. cv Williams 82) seeds were inoculated with Bradyrhizobium japonicum (61A89-USDA 110) stabilized on peat (Nitragin Division, Lipha Chemicals, Milwaukee WI) and germinated in an inert support medium (perlite). Plants were fertilized with a nitrogenfree nutrient medium and grown with supplemental light as described by Schubert (22) . Plants were harvested during peak N'-fixing activity, about midbloom. Freshly harvested nodules were stored at -70°C.
Isolation of Bacteroids
Frozen (-70°C) nodules were homogenized (mortar and pestle) in 50 mm Tricine (pH 8.0) and 0.4 M sucrose (2 mL/g nodule) in the presence of 0.1 g PVP/g nodule or in 50 mM Tes (pH 7.3), 5 mM MgCl2, 1 mM EDTA, and 0.4 M sucrose [4 mL/g nodule] in the presence of 0.2 g PVP/g nodule. The bacteroids were isolated from the 400to 6000-g fraction by differential centrifugation and repeated washing (four times) in buffered sucrose, essentially as described by Bergersen and Turner (1) . Washed bacteroids were stored at -70°C.
Culture of Cells
B. japonicum (USDA 1 10) was obtained from the Nitragin Division of Liphatech, Inc. (Milwaukee, WI) and grown in liquid medium at 30°C. Each liter of culture medium contained: 4 mL glycerol, 0.5 g monosodium glutamate, 0.75 g yeast extract, 0.5 g K2HPO4, 0.5 g KH2PO4, 0.2 g MgSO4-7H20, and 0.1 g NaCl. The pH was adjusted to 6.8 to 6.9 with NaOH. Cells were collected at late log phase by centrifugation at 9000 g (45 min, 4C), resuspended in a minimal volume of medium, and stored at -70°C.
Disruption of Cultured Rhizobia and Bacteroids
Rhizobia were thawed and washed with extraction buffer (20 mm Tes [pH 7.4], 10% glycerol, 0.5 mm EDTA, 2.5 mM MgCl2, I mM DTT [10] ). Washed cells (3.1 g wet weight) were suspended in 18 mL extraction buffer and disrupted by passage (four times) through a chilled French pressure cell at 17,000 psi. The disrupted cell suspension was centrifuged (26,000g, 30 min). The small pellet was discarded and the supernatant (19 mL BJC) was divided into small aliquots and stored at -70°C. Bacteroids (1.5 g wet weight) were dispersed to a final volume of 20 mL in extraction buffer and broken as described for cultured rhizobia. The resulting disrupted cell suspension was centrifuged (26,000g, 30 min); the supernatant (BC) was divided into small aliquots and stored at -70°C. Comparison of the volumes of cell pellets observed before disruption with those of the residues obtained on centrifugation after passage through the French pressure cell indicated that, under the conditions described above, 60 to 70% of the bacteroids and rhizobia were disrupted.
Extraction of Nodules and Partial Purification of P5CR from Soybean Nodule Cytosol
Except as noted, all operations were performed at 4 to 6°C. A partially purified preparation of P5CR from nodule cytosol was obtained as previously described (4) . Briefly, AmS was added to NHC (25,000g supernatant; prepared in the presence of PVP and protease inhibitors) to 40% saturation. The resulting 0 to 40% AmS fraction (containing >90% of the P5CR activity in NHC) was dialyzed overnight against 20 mM Tris phosphate (pH 7.1), containing 1 mM EDTA and 7 mM 2-mercaptoethanol. The partially purified enzyme was stored in small aliquots at -70°C. Thus far, efforts to partially purify the form of P5CR found in rhizobia have led to huge losses in enzymic activity (data not shown).
Assay of Enzymic Activity
During preliminary studies, P5CR activity was determined by the radioisotopic discontinuous assay ofproline production as described by Kohl et al. (12) , using intact bacteroids and unfractionated suspensions of bacteroids broken with the French pressure cell (data not shown). For the experiments described in this communication, PSC-dependent oxidation of NADH (P5CR activity; the forward reaction) and the proline-dependent reduction of NAD+ (the reverse reaction) were assayed as described previously (4) . For the forward reaction, the assay system typically contained 980 AL 100 mM potassium phosphate (pH 7.0), 30 ,uL 1mIMM D,L-P5C (adjusted to pH 6-7 with 5 M KOH), 10 ,L 12.9 mm NADH, and S to 40 uL enzyme, added last.
Alternatively, activity was assayed in 100 mM sodium Tes (pH 7.1) or a mixed buffer system comprised of 50 mM of each of the following: Mes, bis-(2-hydroxyethyl) iminotris(hydroxymethyl)methane, Tes, and Bicine; the pH was adjusted with NaOH or HCl to the indicated pH. It should be noted that all enzyme activities were corrected for low, but significant, rates of oxidation of NADH in the absence of P5C.
For assay of proline-dependent reduction of NAD+, the assay system contained 800 gL 200 mM sodium glycinate buffer (pH 10. 1), 100 ,uL 200 mm proline, 100 ,uL 143 mM NAD+ (100 mg/mL in H20, adjusted to pH 5-7 with 5 M KOH), and 5 to 100 ,l enzyme, added last. Activities were determined at ambient temperature (approximately 25°C) by monitoring the absorbance of NADH at 340 or 366 nm, using extinction coefficients of 6.22 and 3.35 mM-' cm-', respectively. HBDH, a bacteroid marker, was assayed as described before (8) .
Protein Determination Protein concentrations of cytosolic fractions and partially purified enzyme were determined by a modified Lowry procedure (16) with BSA as a standard.
RESULTS
Comparison of the Specific Activities of P5CR in NHC, BC, and BJC
The specific activity observed for P5CR in NHC (without partial purification) in the studies described here was 66 nmol/ min/mg protein (average of four determinations), when assayed in the forward direction as described above (Table I) . PSCR activity, like that of HBDH, was not detectable in suspensions of intact bacteroids, presumably because not all assay reagents were able to enter the cells (data not shown). 9 Determined at pH 7.2 in the mixed buffer system described in "Materials and Methods." The concentrations of D,L-P5C and NADH were 330 and 96 AM, respectively. The specific activities observed for HBDH in two independently prepared BC fractions were 130 and 220 nmol/min/mg protein; the specific activities for P5CR in these preparations were 140 and 150 nmol/min/mg, respectively. Activity comparable to that of BC was observed for P5CR in the cytosol from cultured B. japonicum cells (180 nmol/min/mg protein; Table I ). Expressed on a per gram nodule basis, P5CR activities were 780 and 840 nmol/min/g nodule, respectively, for NHC (average of four determinations) and BC (average of two determinations).
Relative Rates of Catalysis of Forward and Reverse
Reactions
The reductase from nodule cytosol catalyzed the prolinedependent reduction of NAD+ at a rate almost 70% of that observed for the P5C-dependent oxidation of NADH (Table  I ). The cytosolic fractions from bacteroids and B. japonicum, however, catalyzed the reverse reaction at rates approximately 2% of that of the forward reaction (Table I ). This is one of several indicators of differences between P5CR in plant host cytosol and that in Bradyrhizobium. broad, whereas optimal activity was observed at pH 7.7; >90% of the optimal activity was observed over the range from pH 7.2 to 8.5. The profiles for the enzyme(s) from BC and BJC were indistinguishable; optimal activity was observed at pH 6.5, and the peak was slightly less broad than that for the NHC.
The pH optimum for the proline-dependent reduction of NAD+ catalyzed by the reductase from NHC was approximately 9.9, and activity was virtually undetectable below pH 8.0; the capacity of the enzyme from bacteroids to catalyze this reaction remained very low throughout the range investigated (pH 7.3-10.2; data not shown).
Apparent Affinity for L-P5C
When assayed as described here, the P5CR from nodule cytosol showed slightly sigmoid saturation kinetics with respect to P5C, and a double-reciprocal plot of these data was nonlinear (data not shown). The substrate concentration required to attain half-maximal activity for the enzyme from NHC was 250 gM (Table I) . Typical hyperbolic kinetics, however, were observed for the reductase activity in bacteroid cytosol, and linear double-reciprocal plots were observed. The Km for L-P5C estimated from these data was 37 AM (average of two independent determinations; Table I ). Similar results were observed with the P5CR in BJC (Km = 41 ,uM; average from two independent experiments; Table I ).
Only half of the D,L-P5C, prepared as described by Mezl and Knox (14) , was reduced to proline by P5CR from rat liver. Furthermore, it has been clearly shown that authentic L-P5C is converted to proline by P5CR from animals (18) as well as from soybeans (12) . Thus, the concentrations of L-P5C used for calculating the Km values indicated in Table I were based on the following assumptions: (a) that the samples of D,L-P5C used for the current studies consisted of a 50:50 Effect of Proline and NADP on P5CR Activity in NHC, BC, and BJC As indicated above, preliminary experiments were performed with crude extracts and intact bacteroids; P5CR activity was estimated by the radioisotopic method (12) . Unlike the intact cells, the broken bacteroids exhibited very significant P5CR activity. In marked contrast to the P5CR in nodule cytosol (12) , the activity in disrupted bacteroids was insensitive to NADP+ but inhibited by proline (data not shown). For the preparations used in the studies reported here, the spectrophotometric assay was used (see "Materials and Methods"). The P5CR from NHC was inhibited only 8% by a very high concentration of proline (20 mM; Table I ), but the reductases in BC and BJC were inhibited 49 and 58%, respectively. To assess the apparent affinity of the enzyme in bacteroids for proline, the degree of inhibition was explored as a function of proline concentration throughout the range from 2.5 to 30 mM at two substrate concentrations. Figure 2 is a Dixon (5) plot, summarizing the inhibition data obtained with the enzyme in BC. The decrease in slope of 1/v versus [proline] with increase in [P5C] is characteristic of competitive inhibition. The K1 for proline inhibition of P5CR in BC determined from the intersection of the two lines was 1.8 mM (average of two independent experiments). NADP+ was a potent inhibitor of the partially purified P5CR from NHC; however, under conditions in which the NHC enzyme was inhibited 81%, the enzyme from the bacteroid compartment was inhibited only 7%, whereas for the enzyme from BJC, 9% apparent activation was observed (Table I ). In a separate experiment, the reductase in BC was inhibited 5%, whereas that in BJC was not inhibited (data not shown).
DISCUSSION
The results summarized in Table I support Dixon (5) plot of the data obtained. The lines are drawn according to a least squares analysis of the data; the correlation coefficients for lines S1 and S2 were 0.993 and 0.994, respectively. molecular form(s) of P5CR than that present in bacteroids and free-living rhizobia. The P5C concentration at half-maximal activity for the reductase from nodule cytosol was approximately sixfold greater than the Km for the reductase(s) in both bacteroids and the free-living rhizobium. The apparent affinity ofthe NHC-P5CR for P5C observed in the current studies is ofthe same order as the value reported for the P5CR in soybean leaves (15) .
In agreement with results obtained with unfractionated cytosol from nodules (12) , the preparation of P5CR from NHC used in these studies is relatively insensitive to proline but strongly inhibited by NADP+ (Table I ). In contrast, the P5CR activities in both BC and BJC were not markedly altered in the presence of NADP+ (Table I , "Results"). Although inhibition of the bacteroid and rhizobial reductases by a high proline concentration (20 mM; Table I ) is unlikely to be of physiological significance, this experimental parameter illustrates a clear kinetic difference between the P5CR activity from NHC and that in both the endosymbiont and free-living rhizobia.
Except as noted in the legend for Table I , the properties of P5CR from NHC were performed with the 0 to 40% AmS fraction from NHC, whereas those ofthe enzyme in bacteroids and B. japonicum were examined with cytosol fractions. It should be noted that the capacity of the enzyme from NHC to catalyze the forward and reverse reactions was virtually unchanged during >2000-fold purification (4) . Also, as noted above, the properties of P5CR in the AmS fraction with respect to inhibition by proline and NADP+ observed in these studies are qualitatively similar to those described for the enzyme in unfractionated NHC (12) . The apparent affinity reported for P5C of P5CR activity in unfractionated NHC (12) is also of the same order as that of the partially purified preparation described in this communication (Table 1) . Thus, it is unlikely that the differences observed between the P5CR in bacteroids (and B. japonicum) and NHC reflect an artifact of the stage of purification. Such differences are not unique to P5CR; for example, malic dehydrogenases in soybean bacteroids and nodule cytosol exhibit similar qualitative differences in molecular properties (7) .
Under some conditions, regulation of the rhizobial reductase by proline may be physiologically significant. It is estimated that, under conditions of water stress, the concentrasi tion of proline in bacteroids is of the order of 2 mm (24), i.e. very similar to the K, for proline observed in this study (1.8 mM). Given that the mechanism ofproline inhibition ofP5CR involves competition between proline and P5C, the degree of S2 inhibition will be a function of their relative concentrations in the microenvironment of the P5C reductase during these stress conditions. Despite the overlap in pH profiles, the differences in pH optima for the rhizobial (pH 6.5) and host cytosolic (pH 7.7) P5CRs (Fig. 1 ) may also have physiological significance. 31P-NMR spectroscopy has shown that the pH in the cytosol of intact bacteroids is 6.85, whereas that in the host cytosol is 7.4 (19) .
The specific activity of P5CR in the bacteroid fraction from soybean nodules collected 5 to 6 weeks after planting is of the same order as that observed for the NHC ("Results," Table  I ). The marked similarities in the characteristics of P5CR in BC and BJC (Table I) indicate that infection/nodulation is not associated with a major qualitative or quantitative shift in the nature of P5CR in B. japonicum. The fraction of the potential P5CR activity in infected root tissue, which is represented by the bacteroid fraction, however, will be a function of the stage of infection and nodule age. Furthermore, it is conceivable that, because of changes in parameters that characterize the nodule milieu (including membrane permeability, transport systeirLs, and carbon sources), the roles of P5CR in NHC and BC in the physiology of mature nodules may differ significantly from their involvement early in infection. Under certain conditions, some strains of bacteria excrete proline (20) ; similar observations have apparently not been described for B. japonicum. Whether proline produced in bacteroids contributes to the pool that is required for synthesis of (hydroxy)proline-rich glycoproteins during nodulation cannot be assessed from the data currently available. However, there seems to be no current experimental basis by which such a hypothesis can be rigorously excluded.
The provocative hypothesis offered by Kohl et al. (12) postulates a significant role for proline as a possible energy source for nitrogen fixation in bacteroids. The observation that the level of P5CR activity in BC is of the same high order as that in NHC, together with apparent physical proximity to high proline-oxidizing activity in bacteroids (12) , points to the potential importance to nodule physiology of regulating these proline-synthesizing and utilizing activities to avoid wasteful consumption of energy and metabolites. In yeast (2), regulation of these activities involves segregation of these enzymes into separate cellular compartments. Proline dehydrogenase (also referred to as proline oxidase) is membrane bound in Escherichia coli (21) . It is likely that this enzyme is membrane associated in bacteroids as well. P5CR activity is clearly cytosolic, both in the plant host and in bacteroids. More complex aspects of regulating proline oxidation in Salmonella typhimurium have been described by Ekena and Maloy (6) .
